Complement C1q is a hexameric molecule assembled from 18 polypeptide chains of three different types encoded by three genes. This versatile recognition protein senses a wide variety of immune and nonimmune ligands, including pathogens and altered self components, and triggers the classical complement pathway through activation of its associated proteases C1r and C1s. We report a method for expression of recombinant full-length human C1q involving stable transfection of HEK 293-F mammalian cells and fusion of an affinity tag to the C-terminal end of the C chain. The resulting recombinant (r) C1q molecule is similar to serum C1q as judged from biochemical and structural analyses and exhibits the characteristic shape of a bunch of flowers. Analysis of its interaction properties by surface plasmon resonance shows that rC1q retains the ability of serum C1q to associate with the C1s-C1r-C1r-C1s tetramer, to recognize physiological C1q ligands such as IgG and pentraxin 3, and to trigger C1r and C1s activation. Functional analysis of rC1q variants carrying mutations of LysA59, LysB61, and/or LysC58, in the collagen-like stems, demonstrates that LysB61 and LysC58 each play a key role in the interaction with C1s-C1r-C1r-C1s, with LysA59 being involved to a lesser degree. We propose that LysB61 and LysC58 both form salt bridges with outer acidic Ca 2+ ligands of the C1r and C1s CUB (complement C1r/ C1s, Uegf, bone morphogenetic protein) domains. The expression method reported here opens the way for deciphering the molecular basis of the unusual binding versatility of C1q by mapping the residues involved in the sensing of its targets and the binding of its receptors.
C1 complex | innate immunity | protein engineering C 1q is the recognition protein of the classical complement pathway, a major component of the humoral innate immune defense. C1q binds to pathogens either directly or via immune mediators such as antibodies and pentraxins (PTXs), thereby triggering the complement cascade through activation of its associated proteases C1r and C1s (1, 2) . Complement activation leads to elimination of the target microorganism through opsonophagocytosis, inflammation, and cytolysis, while instructing an adaptive immune response. Importantly, C1q also detects potentially harmful altered self-components such as apoptotic cells and triggers their safe elimination while stimulating an antiinflammatory response, thereby contributing to maintenance of host tissue integrity (3, 4) . Besides its role in complement activation, C1q is involved in diverse biological functions such as immune cell modulation, blood coagulation, development, reproduction, and in the pathogenesis of numerous diseases, including neurodegenerative disorders and cancer (5, 6) . These functions arise from the unusual binding versatility of C1q, which is able to interact with an amazing variety of soluble and cell surface ligands (1) .
C1q is a complex molecule assembled from 18 polypeptide chains of three different types (A, B, and C) encoded by three genes (7) . Each chain comprises an N-terminal collagen-like sequence and a C-terminal globular gC1q module, with disulfide bonds linking the N-terminal ends of the A and B chains and of two C chains. Each A-B dimer associates noncovalently with a C chain to form a heterotrimeric collagen-like triple helix prolonged by a globular domain (7) . The association of six such trimers yields C1q, a 466-kDa protein with the characteristic shape of a bouquet of flowers, comprising six collagen-like triple helices that join together in their N-terminal half to form a "stalk" and then diverge to form individual "stems," each terminating in a C-terminal globular "head."
Whereas the C1q sensing properties are mediated by its globular heads, the collagen-like moiety is responsible for interaction with the Ca 2+ -dependent C1s-C1r-C1r-C1s tetramer, each of these two regions being involved in the binding of C1q to various cell surface receptors (8) . The crystal structure of the heterotrimeric C1q head has been solved, providing insights into the versatility of the C1q sensing properties (9) . However, precise mapping of the residues involved in target recognition and in the C1s-C1r-C1r-C1s-binding site(s) has been precluded to date because of the fact that, owing to its three-chain structure, C1q could not be produced in a recombinant form. The present study describes production of recombinant full-length human C1q in stably transfected mammalian cells. Its biochemical, physicochemical, and functional analysis shows that it is correctly folded and retains the ability to associate with the C1s-C1r-C1r-C1s tetramer, sense physiological ligands, and trigger activation of C1s-C1r-C1r-C1s. The availability of a method for expressing recombinant C1q opens the way for deciphering the multiple interaction properties of this protein, as illustrated here by the identification by site-directed mutagenesis of the C1s-C1r-C1r-C1s-binding residues in the C1q collagen-like stems.
Results
Expression and Purification of WT Recombinant Human C1q. Different attempts to produce human C1q in a recombinant form were performed initially using transient transfection of CHO cells, but these yielded no evidence for production of recombinant material. HEK 293-F cells were next used as host cells, performing initially transient transfection either by each C1q chain individually or by the three chains simultaneously. In the latter case, expression of the three chains could be detected by Western blot analysis, and yet the recombinant material did not bind significantly to IgG-ovalbumin aggregates, providing no evidence for the generation of correctly folded C1q. Several observations suggested that assembly of the C chain was a limiting factor in the assembly of the whole C1q molecule.
Stable HEK 293-F cell lines producing recombinant human C1q were next generated in two steps: (i) generation of stable transfectants expressing both the A and B chains; and (ii) subsequent transfection of these cells by the C1qC-FLAG DNA construct. The resulting transfectants expressed recombinant (r) C1q molecules, as judged by Western blot analysis, which revealed the presence of characteristic C1q bands in the culture supernatants. To select functional molecules, the recombinant material was initially purified using the affinity of C1q for insoluble IgG-ovalbumin aggregates. This first step led to the recovery of about 50% of the rC1q molecules, suggesting that the remainder, mainly corresponding to high-molecular weight species, was not properly folded. Further purification of rC1q was achieved by chromatography on an anti-FLAG affinity column. Virtually all C1q molecules bound to the column and could be eluted subsequently by the FLAG peptide. This step also allowed us to eliminate contaminating IgG molecules arising from the previous step. The overall procedure allowed routinely production of 0.5-0.8 mg of purified rC1q from 1 L of culture supernatant.
SDS/PAGE analysis of purified rC1q showed a band pattern similar to that of serum-derived C1q with characteristic A-B and C-C dimers under nonreducing conditions (Fig. 1A, lanes 1 and 2) and the three A, B, and C chains under reducing conditions (Fig.  1A, lanes 3 and 4) . Consistent with the addition of the FLAG tag (995 Da), the C-C dimer and the C chain both exhibited significantly higher apparent molecular weights compared with their unmodified counterparts in serum-derived C1q (Fig. 1A , lanes 2 and 4).
Biochemical and Structural Characterization of rC1q. N-terminal sequence analysis of the three rC1q chains was performed after SDS/PAGE and electrotransfer. The A and C chains each yielded amino acid sequences in agreement with published data (10), namely Glu-Asp-Leu-(Cys)-Arg-Ala-Pro. . . and Asn-ThrGly-(Cys)-Tyr-Gly-Ile-Pro. . ., respectively. Consistent with the fact that it has a blocked N-terminal amino acid (11), the B chain yielded no detectable sequence.
Mass spectrometric analysis of the reduced rC1q was performed using the MALDI-TOF technique. In keeping with previous analyses (12) , serum C1q yielded three well-resolved monocharged peaks corresponding to the individual A, B, and C chains (Fig. 1B) . In the case of rC1q, in contrast, the mass increment of 995 Da brought about by the FLAG tag caused the C chain to partly overlap with the B chain, resulting in poorly resolved peaks (Fig. 1C) . Nevertheless, the masses of the B and C chains could be determined from their mono-and doublycharged ions, yielding values of 25,591 ± 107 and 24,940 ± 109 Da, fully consistent with those of their counterparts in serum C1q (25,589 ± 15 and 24,001 ± 24 Da, respectively), suggesting that both chains had undergone the same posttranslational glycosylations and hydroxylations as occurring in native human C1q. In contrast, the average mass value of the A chain (27,355 ± 58 Da) was consistently found to be lower than that of its counterpart in serum C1q (27,584 ± 40 Da). The difference (229 ± 58 Da) is roughly consistent with the mass of N-acetylneuraminic acid (291 Da), suggesting that the N-linked oligosaccharide borne by the A chain was slightly shorter, possibly because of the lack of a terminal sialic acid.
Negative-staining electron microscopy was next used to visualize the rC1q protein using sodium silicotungstate as stain. As illustrated in Fig. 2A , well-defined oligomeric molecules were clearly observed. The selected images presented in Fig. 2B show both side views and top views of rC1q, in which the six globular head domains and the central stalk are clearly visible in most cases. These images are indistinguishable from those obtained using serum-derived C1q ( Fig. 2 C and D) (13), providing strong indication that the expression method used leads to the production of appropriately folded, hexameric C1q molecules.
Expression of rC1q Variants. Recent studies are consistent with the hypothesis that assembly of the C1 complex involves major ionic interactions between acidic Ca 2+ ligands of the C1r and C1s CUB (complement C1r/C1s, Uegf, bone morphogenetic protein) domains and basic residues of C1q putatively corresponding to unmodified lysines located in the collagen-like stems, namely LysA59 and/or LysB61 and/or LysC58 (12, (14) (15) (16) . With a view to test this hypothesis, these residues were individually mutated to alanine, and recombinant C1q molecules bearing either a single mutation on one of the chains or the three mutations together were expressed and purified as described for WT rC1q. Remarkably, the four rC1q variants readily bound to immune aggregates, indicating that they all retained IgG-binding ability, and their average purification yields were comparable to those observed for WT rC1q. In the same way, analysis of the mutants by SDS/PAGE and electron microscopy yielded similar results compared with native rC1q (Figs. S1 and S2).
Interaction Properties of WT rC1q and rC1q Variants. WT rC1q and its variants were immobilized on a sensor chip and their interaction properties were measured by surface plasmon resonance (SPR) using four different soluble ligands: the C1s-C1r-C1r-C1s tetramer, mannan-binding lectin (MBL)-associated serine protease (MASP)-3, IgG, and PTX3. Although probably not a natural C1q ligand, MASP-3 does bind C1q, likely through sites identical or similar to those recognized by C1s-C1r-C1r-C1s in the collagen-like moiety of the protein (16) . In contrast, IgG and the long PTX, PTX3, are both physiological ligands of the C1q globular domain (9, 17) . WT rC1q readily bound to both C1s-C1r-C1r-C1s and MASP-3 ( Fig. 3 and Fig. S3) , with K D values of 12.5 and 0.66 nM, respectively, similar to the values determined using serum C1q (Table 1) . Likewise, rC1q retained the ability of serum C1q to bind IgG and PTX3, again with comparable K D values. It was clear, therefore, that WT rC1q was fully functional with regard to both the ability of its collagen-like moiety to associate with C1s-C1r-C1r-C1s and the ligand-sensing function of its globular domain.
Introduction of the single mutation LysA59Ala in rC1q resulted in a 10-fold decrease in the binding affinity for C1s-C1r-C1r-C1s that was attributable to a decreased k a value (Table 1 and Fig. 3A) . The other two mutations, LysB61Ala and LysC58Ala, each individually abolished the ability of rC1q to associate with C1s-C1r-C1r-C1s, and the same effect was observed using the triple rC1q mutant. In a similar way, the individual mutations of LysB61 and LysC58 each dramatically decreased the interaction of rC1q with MASP-3, whereas mutation of LysA59 only had a slight inhibitory effect compared with the interaction with C1s-C1r-C1r-C1s (Table 1 and Fig. 3B ). As expected, neither the individual mutations nor the three mutations together had a significant impact on the interaction of rC1q with IgG or PTX3 (Table 1) . These experiments, 
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LysA59Ala, LysB61Ala, LysC58Ala Fig. 3 . SPR analyses of the binding of C1s-C1r-C1r-C1s (A) and MASP-3 (B) to immobilized serum C1q, WT rC1q, and rC1q variants. Analyses were performed as described in SI Materials and Methods. The C1s-C1r-C1r-C1s and MASP-3 concentration was 18 nM. In A, the curves obtained for the LysB61Ala and LysC58Ala mutants are virtually identical and cannot be distinguished.
thus, provided compelling evidence that two of the targeted lysine residues, LysB61 and LysC58, play a critical role in the interaction of C1q with C1s-C1r-C1r-C1s and MASP-3, establishing that both ligands bind C1q at the same sites and through similar mechanisms involving ionic bonds. The third lysine residue, LysA59, also plays a role in C1 assembly, although to a lesser extent, and is not essential to the interaction with MASP-3.
C1 Activation Properties of WT rC1q and rC1q Variants. WT rC1q and its variants were each mixed with the proenzyme C1s-C1r-C1r-C1s tetramer and the resulting complexes were tested for their ability to self-activate upon incubation at 37°C in the absence of C1 inhibitor. As illustrated in Fig. 4A , WT rC1q essentially retained the ability of serum C1q to trigger activation of C1s-C1r-C1r-C1s, yielding 95% activation upon incubation for 1 h. Introduction of the LysA59Ala mutation resulted in a marked increase of the lag phase but did not prevent the activation process. In contrast, the LysB61Ala and LysC58Ala variants, as well as the triple mutant, all lacked the ability to trigger significant activation of the tetramer, yielding values ≤20%, similar to the background activation level measured when incubating the tetramer alone. As expected, addition of C1-inhibitor abolished the activation process in all cases, yielding activation values of 0.5-5% after incubation for 1 h.
We next measured the ability of the rC1q variants to mediate C1 activation by IgG-ovalbumin aggregates in the presence of C1-inhibitor. In line with the self-activation experiments, WT rC1q and, to a lesser extent, the LysA59Ala mutant each yielded activation values comparable to serum C1q upon incubation for 1 h at 37°C (Fig. 4B) . Again, the LysB61Ala and LysC58Ala variants and the triple mutant did not trigger significant activation, with values ranging from 5.6% to 9%. These experiments, thus, provided further evidence of the essential role of LysB61 and LysC58 in C1 assembly, confirming that, in contrast, LysA59 is not determinant.
Discussion
The expression method described in this study, based on stable transfection of HEK 293-F cells and involving fusion of a FLAG tag to the C-terminal end of the C chain, has allowed us to successfully produce human C1q in a recombinant form. The resulting rC1q molecule is obtained with a satisfactory yield and, apart from the C-terminal FLAG tag extension of the C chain, is chemically and structurally similar to serum C1q, as judged from SDS/PAGE, N-terminal sequencing, mass spectrometry, and electron microscopy analyses. A single minor difference is that the mass of the A chain is slightly lower compared with its counterpart in serum C1q, possibly because of the fact that the single N-linked biantennary oligosaccharide borne by this chain lacks a terminal sialic acid residue. Comparative analysis of its interaction properties shows that rC1q fully retains the ability of serum C1q to associate with its cognate proteases C1r and C1s and to recognize physiological C1q ligands such as IgG and PTX3, indicating that both its collagen-like and globular moieties are functional and hence properly folded. Further evidence that rC1q fulfills all functionalities of native human C1q lies in its ability to trigger activation of the C1s-C1r-C1r-C1s tetramer essentially in the same manner as its serum-derived counterpart.
The expression and characterization of rC1q variants carrying mutations of LysA59, LysB61, or LysC58 sheds light on the implication of these residues in the assembly of the C1 complex, establishing that LysB61 and LysC58 each play a key role in the interaction with the C1s-C1r-C1r-C1s tetramer. LysA59 also appears to be involved in the interaction, but likely to a lesser degree. This conclusion is supported by the observations that (i) replacement of LysA59 by alanine markedly slows down formation of the C1 complex but does not significantly alter its stability once formed (Table 1 ) and (ii) the LysA59Ala rC1q mutant retains in part the ability to trigger C1 activation, contrary to the LysB61Ala and LysC58Ala variants. Given that the three lysine residues are homologous at the sequence level (10), they are expected to occupy equivalent positions along the collagen-like triple helices. Consequently, one of the three side chains is expected to point toward the outside of the C1q molecule, with the other two facing inward and, hence, being more favorably positioned to interact with the tetramer, located inside the C1q cone (2, 9, 12, 14, 16, 18) . Thus, a plausible explanation is that the lesser contribution of LysA59 is related to the fact that this occupies the most outer position on the collagen-like stems, a hypothesis fully consistent with the 3D C1q model currently available (2, 9, 12) . If this assumption is correct, then the role of LysA59 could be solely to facilitate assembly of the C1 complex by enhancing long-range electrostatic attraction of the negatively charged ligands of the tetramer. C1s-C1r-C1r-C1s was shown to bind C1q through 6 sites involving the two outer (Glu and Asp) Ca 2+ -coordinating residues of the CUB 1 domains of C1r and C1s and CUB 2 domain of C1r (14) . In each case, these two residues coordinate Ca 2+ through a single carboxyl oxygen, with their free oxygen being exposed and available for mediating an electrostatic bond with a basic residue (14, 15, 19) . Examples of such Ca 2+ -binding CUB domainmediated salt bridges have been provided by the X-ray structures of the cubilin-intrinsic factor complex (19) and of the MBL-MASP-1 contact region (20) . In both instances, each of the two outer acidic Ca 2+ ligand forms an electrostatic bond with a single basic (Lys or Arg) residue. Thus, each of the six C1q-binding sites of the C1s-C1r-C1r-C1s tetramer is expected to bind a single basic residue contributed by one of the six collagen-like stems of C1q. Our finding that both LysB61 and LysC58 are required to ensure efficient interaction of C1q with the tetramer therefore suggests that either of these residues can be involved, depending on the particular structure of each individual interface. This dual possibility would allow each of the tetramer-binding sites to "choose" the most appropriately positioned Lys on the C1q triplehelix opposite to it, hence facilitating C1 assembly by conferring more flexibility on the interaction. Mutation of either LysB61 or LysC58 would disrupt part of the six tetramer anchor points, thereby preventing efficient interaction.
From a more general standpoint, it should be emphasized that this work establishes that C1q shares with the other defense collagens MBL and ficolins a common mechanism of interaction with its associated proteases, in agreement with previous assumptions (14, 16) .
The expression method reported in this study paves the way for deciphering the molecular basis of the multiple binding functions of C1q by mapping the residues involved in the recognition of its numerous targets and receptors. This also makes it possible to produce C1q variants devoid of a particular interaction or sensing property, as exemplified here by the LysB61Ala and LysC58Ala mutants, which both lack the ability to form a stable C1 complex and, therefore, are unable to trigger the classical complement pathway but retain all other C1q binding functions. Such artificial C1q molecules should be of great interest for basic research and biomedical applications.
Materials and Methods
Proteins and Reagents. C1q, proenzyme C1s-C1r-C1r-C1s, C1 inhibitor, and IgGs were purified from human serum, and their concentration was determined as described previously (21, 22) . Recombinant human PTX3 and MASP-3 were purified as described previously (23, 24) , and their molar concentration was estimated using M r values of 340,000 (25) and 87,600 (24), respectively. IgG-ovalbumin immune aggregates were prepared at equivalence as described previously (22) . Oligonucleotides were purchased from Eurogentec. Restriction and modification enzymes were from New England Biolabs.
Expression Vectors and Stably Transfected Cell Lines. The coding sequences of the full-length A, B, and C chains of human C1q were amplified using the VentR polymerase and human cDNA clones purchased from Origene (C1qA, SC 319556; C1qB, SC 119857; C1qC, SC 124311) as templates, according to established procedures. The amplified C1qA, C1qB, and C1qC DNAs were cloned into pcDNA3.1(+) plasmids (Invitrogen) containing neomycin-, hygromycin-, and zeocin-resistance genes, respectively. For expression of the C chain with a C-terminal FLAG epitope (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys), the corresponding DNA sequence was fused to the C1qC DNA by sitedirected mutagenesis (Quick Change XL site-directed mutagenesis kit; Agilent Technologies), using the C1qC-containing pcDNA3.1 plasmid as a template. All constructs were checked by dsDNA sequencing (GATC-Biotech).
Freestyle HEK 293-F cells grown in FreeStyle 293 expression medium were cotransfected with the C1qA-and C1qB-containing plasmids using 293fectin, according to the manufacturer's protocol (Invitrogen). Stable transfectants producing both chains were generated, using selection with 400 μg/mL G418 (Invitrogen) and 100 μg/mL hygromycin (Sigma). These cells were then transfected in the same way with the C1qC-FLAG-containing plasmid, and stable transfectants producing the three C1q chains were obtained following additional selection with 10 μg/mL zeocin (Invitrogen).
Generation of rC1q Mutants. The LysA59Ala, LysB61Ala, and LysC58Ala mutations were introduced into the corresponding plasmids using the QuikChange site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's protocol. For the triple mutant, stably transfected cells producing the three mutated chains were obtained as described above for The C1 activation extent was measured in each case by SDS/PAGE, followed by Western blot analysis using an anti-C1s antibody (21) . In A, the background activation level measured when incubating C1s-C1r-C1r-C1s alone for 1 h is indicated by +. Results in B are expressed as means ±SD of two independent experiments.
expression of WT rC1q. The procedures used to generate single mutants are described in SI Materials and Methods and Table S1 .
Production and Purification of rC1q. The C1q-expressing cells were expanded in the Freestyle 293 expression medium (Invitrogen) containing the selection antibiotics and 100 μg/mL L-ascorbic acid (Sigma-Aldrich), and the culture medium was harvested and replaced every 72 h up to three times. WT rC1q and rC1q variants were purified from the culture supernatant using the affinity of C1q for insoluble IgG-ovalbumin aggregates as described for isolation of C1q from human serum (22) . The pH of the culture supernatant (500 mL) was adjusted to 7.0 and 8 mL of a 10 mg/mL suspension of immune aggregates was added. After incubation for 45 min at 4°C, the supernatant was removed by centrifugation and the aggregates were washed three times with 30 mL of 20 mM Tris·HCl, 120 mM NaCl, and 5 mM CaCl 2 (pH 7.0). rC1q was eluted by suspending the pellet in 5 mL of 50 mM Tris·HCl and 700 mM NaCl (pH 10.0) and collected by centrifugation. This procedure was repeated once under the same conditions and a third time using 2.5 mL of the elution buffer. The rC1q extracts were dialyzed against 50 mM Tris·HCl and 145 mM NaCl (pH 7.4) and applied to a 3.5 mL anti-FLAG M2 affinity column (Sigma) equilibrated in the dialysis buffer. After washing with 5 mL of the equilibration buffer, the bound material was eluted twice with 3.5 mL of a 100 μg/mL FLAG peptide solution in the same buffer. The eluted fractions were dialyzed against 50 mM triethanolamine·HCl and 145 mM NaCl (pH 7.4) and concentrated to 0.3-0.4 mg/mL. The concentration of purified rC1q was estimated using an absorption coefficient (A 1%, 1cm ) at 280 nm of 0.68 and a M r value of 467,000, as determined by mass spectrometry.
N-Terminal Sequencing. Analyses were carried out after SDS/PAGE and electrotransfer as described previously (26) .
MALDI-TOF Mass Spectrometry. Analyses were performed on a Voyager DE-STR mass spectrometer (Applied Biosystems) in the positive linear mode as described previously (27) . Samples were reduced with β-mercaptoethanol, desalted on a C4 ZipTip (Millipore), and then mixed with a 2,5-dihydroxybenzoic acid matrix in a methanol solution.
Electron Microscopy. C1q samples (10 μg/mL) were applied to the clean side of carbon on mica (carbon/mica interface) and negatively stained with 2% (wt/ vol) sodium silicotungstate (pH 7.4). A grid was placed on top of the carbon film, which was subsequently air-dried. Images were taken under low-dose conditions with a CM12 Philips electron microscope at 120 kV and a calibrated nominal magnification of 45 K using an ORIUS SC1000 CCD camera (Gatan).
SPR Analyses. All experiments were performed at 25°C on a BIAcore 3000 instrument (GE Healthcare). Details of the procedures used are provided in SI Materials and Methods.
C1 Activation Assays. The C1 complex (0.25 μM) was reconstituted from purified serum C1q or rC1q variants and the proenzyme C1s-C1r-C1r-C1s tetramer (21). Self-activation was measured by incubating the resulting complexes for various periods at 37°C in 50 mM triethanolamine·HCl, 145 mM NaCl, and 2.5 mM CaCl 2 (pH 7.4). Activation by immune complexes was measured after incubation for 1 h at 37°C in the same buffer in the presence of 0.2 mg/mL IgG-ovalbumin aggregates and 1 μM C1 inhibitor. The C1 activation extent was determined by SDS/PAGE, followed by Western blot analysis using an anti-C1s antibody ( Fig. S4 ) (21) .
